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^feasibility of transdermal controfled delivery of propranolol was investigated by conducting in 
vino skin permeation studies using rabbit pinna (ear) skin. A new multilaminate adheaivedcvtce which 
!s^ 

was evaluated transdermal^ using rabbit pinna skin. Skin permeation of propranolol from the device 
was found to be controlled by the stratum corneum during the early phase of permeation and tnenby 
the adhesive device during steady-state permeation. The rabbit pinna akin was shown to be a good 
animal model for studying the transdermal permeation of propranolol from the device, when compared 

to human cadaver skin. . 
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INTRODUCTION 

The transdermal controlled delivery of drugs for the sys- 
temic treatment of disease has gained increasing interest in 
recent years. Advantages of transdermal drug delivery in- 
clude the ability to control the rate and site of drug absorp- 
tion over a faMy long period of time, as well as to avoid the 
hepatic first-pass metabolism associated with oral adminis- 
tration of many drugs, including propranolol. 

Propranolol, a beta-adrenergic blocking agent used in 
trie treatment of hypertension, is reportedly subjected to an 
extensive and highly variable hepatic first-pass metabolism 
foEowing oral administration (1-3). Controlled adrnimstra- 
tion of propranolol via a transdermal delivery system could 
improve its systemic bioavailability and its therapeutic effi- 
cacy by avoiding this first-pass effect, as well as decreasing 
the dosing frequency required for treatment. Transdermal 
delivery of propranolol has been accomplished using a gel 
ointment which successfully achieves therapeutic blood lev- 
els in rabbits over an extended period of time (4). However, 
it has been demonstrated clinically that ointment formula- 
tions do not release drug in a zero-order feshion, and there- 
fore, they cannot maintain therapeutically effective blood 
levels. In addition, dosing with ointment formulations is in- 
convenient and often inaccurate (5). 

Recently, a trilaminate adhesive device has been devel- 
oped which is capable of delivering propranolol in a con- 
trolled fashion over a 24-hour period (6). This study inves- 
tigates the in vitro skin permeation of propranolol delivered 
from this device, using rabbit pinna (car) skin. For compar- 
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ison, permeation of propranolol from the device has also 
been studied using hairless rat and human cadaver skin. 

MATERIALS AND METHODS 

Materials 

Propranolol free base was prepared from commercially 
available propranolol HQ (Sigma Chemical Co., St. Louis, 
Mo.) and used in the fabrication of the trilaminate adhesive 
device. The adhesive for the device was a silicone-based 
pressure-sensitive adhesive polymer which is chemically 
modified to retain its adhesive properties in the presence of 
amine drugs (BIO-PSA X7-2920/Dow Corning). All other re- 
agents and solvents, either HPLC grade or reagent grade, 
were used as obtained (Fisher Scientific Co.). 

Preparation of the Rabbit Pinna Skin 

The pinna skin is located on the inner side of the rabbit 
ear. The rabbit pinna was chosen as the principle skin model 
for both the present in vitro and future in vivo skin perme- 
ation studies since it is easy to obtain, has a low density of 
hair follicles (therefore, no hair removal is necessary), and 
the rabbit is large enough for complete pharmacokinetic 
analysis. Pinna' skin was obtained from male New Zealand 
White rabbits (approximately 6-7 weeks old) immediately 
after the animals were sacrificed (using T-61 Euthanasia So- 
lution, Hoechst). Following the removal of the ear, an inci- 
sion was made along the ear margin, and the pinna skin was 
peeled away from the underlying cartilage. The skin was free 
of any subcutaneous fat and, therefore, no further prepara- 
tion was necessary. 

Determination of Stratum Corneum Thickness 

In order to obtain skin samples which would yield con- 
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i - tor solution throughout the experiment (since propranolol 
sistent results, the thickness of the stratum corneum along «>r som * ivel m solubility (8.99 mg/ml) in the 

the length of the pinna was estimated using a ^esttjhshed n*eo* sample sizes (1 ml) were 

snipp^techmqueW.Themtactpinnaskmwhichhadbeen jc etate butter us 

removed from the rabbit ear was sandwiched between two anew. ^ buffcr ^ 5 uscd did not 

glass microscope sUdes of a known thickness. The skin *° ° ^ Md ^ produce an altered skin perme- 
thickness was measured using a micrometer (Brown & Sharp studie , were repeated using isotonic phos- 

Corp.) at several different locations along the pinna. The auo p . ^ M Mm 

skin was then stripped up to 25 times using Scotch tape (3M Pn*e Miner tyv * 
Co.) to remove the stratum corneum layer by byer^ udthe ^ Method for Determination of 

stripped skin thickness was ^^^J^ ^ JZanolol Concentrations 
ner. The difference in thickness between the whole skin and rropr*u«w» 

the stripped skin was determined as the stratum corneum propranolol concentrations in the receptor solution 
thickness. The thickness of the stratum corneum determined were detenmned by HPLC with fluorescence detecUon. The 
4>y the stripping and measuring technique was also confirmed ^ consisted of a solvent pump (Waters, Mode 

using microscopic measurements. 590), with an automated injection system (Waters, Moaei 

710 WISP), and a uBondapak C„ reverse-phase column 
Determination of the Effect of Stripping on the Stratum (Waters, 15 cm). The fluorescence detector (Schoeffel, 

Corneum Thickness Model 970) was set with an "«M*nwt^*™™ 

Once the skin sample location W beon ch^nUie 
effect of the number of stripping on ^ u »f Si of phosphoric acid and 0.32 g of monobasic 
ness was determined. Whole pinna sku. was prc^sswely ™™ p h0 sphate (9). A standard curve for propranolol 
strippedandmeasuredatselectedintervals(0,3,5,7, 12, 15, ^^^ ted P using standards of 0.05- to 200-ng/ml con- 
17, 20/22, and 25 strippings) using the same technique as J^SJ^SS!^ free base in acetate buffer, 
mentioned above. 

Preparation of TrOamlnate Adhesive Device 
Microscopy ru es serianv ^ The adhesive device evaluated in this study is composed 

Fresh pinna skin samples were dehydrate « senaUy witn ^.adhesive laminates which were prepared indi- 

ethanol (50 to 95%) and then infiltrated far 24 hr wifcan « wwe * ^ ^ ^ % proccss ^ 

acryUc embedding medium (JIM. Polysnence)- Following "^ y ™ h ^ of ^ three adhesive layers con- 
infiltration, the skin samples were embedded in JIM and cu ^^»^ g doses ^ particle sizes of propranolol 
cured for 2 days. Skin ^W«tJI £KS!£SS»ar (fortheSn the skin) to the outer 
rotary microtome (Amencan Optical. Model 820) with a nee laminating these drug- 

g^knife and stained using Gw's hemotoxjhn 3. Stan sec- (^sest ^to the s^uy ^ ^ ^ ^ 

tions were then viewed under fight nucroscopy (Leitz, jdhwjMy« «. P ^ d ^ ^ spe . 

borlux 11 POL) at lOOx and 430*. ^^ssof^ Pg^s^on of the device and *e resultant in vi.ro 
stratum corneum was measured using a calibrated eyepiece profile of propranolol from the device are shown in 

in the microscope. F|gs u ^ b> respectively. 

In Vitro Stan Permeation of Propranolol in Silicone Fluid ^ ^ ^ of propranolol from the 

To investigate the skin permeation kinetics of pro- Trilaminate Adhesive Device 

pranolol, the in vitro permeation of propranolol through rab- permeation of propranolol from the 

bit pinna skin from a saturated solution in siheone = fluid ^(360 The ^ fa ^ 

Medical Fluid, 20cs, Dow Coming) was earned out inahy- J^ 6 ^ us|ng pinna skin samples with and 

drodynamically well-calibrated horizontal-type ^skm perme- ^™^ e ^|Sped skin samples were prepared by 

ationcSw at 37«C using whole and smppedstao spec. S^S?2*3Sl. 7. 13, 20, and 25 times using 

mens. Stripped skin specimens were •^cdby^ppmg ^^^^ ^ release of propranolol from 

S-aJS-MlSS^ Eg--.—** the same permeation eeUs 

ing of 0.636 cm 2 ), with the dermis side facing ±< > receptor "^"J^ dcviccs wcre carefully appfied onto the 

half-cell. Then. 3.5 ml of the receptor solution 0.J1 Wace- J^£r*Z*uif** of each skin specimen and pressed, 

tate buffer, pH 5.6). heated to 37«C, was added to .the ^recep- sttamm corneum ^s ^ adhesion 

tor half-cell, and donor rf t pa^Stiv! Snesive device to the skin. The 

with propranolol free base), also heated to 37X, was addea or inep meo positioned between two 

to the donor half-cell. Both half-cells were inamumed * ^^^^e deanS side of the skin facing the receptor 

37°C by an external circulating water bath. Aliquoto of I ml hatceUs solution (0.01 M ac- 

were coUected from the receptor half-cell at predetermined Coring the course of the 

time intervals, and the receptor compartment was refilled etate buffer at pH >;?> ™™™{"~^ ^ ^ ^ 

with fresh buffer to its original volume throughout the 24-hr permeation study, abquote of 1 ml were taken at regular lime 

study period. Sink conditions were maintained in the recep- intervals over a period of 24 nr. 
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Fig. 1. (a) Schematic representation of the trflaminate adhesive de- 
vice used in the present study. Shown: release liner (□); inner lam- 
inate containing 50% (w/w) propranolol (130-jun particle size) is 
adhesive (4.0 mils thick) (B); middle laminate containing 30% (w/w) 
propranolol (130-p.m particle size) in adhesive (3.0 mils thick) (E); 
outer laminate containing 20% (wto) propranolol (IS-pm particle 
size) in adhesive (2.5 mils thick) (8). (b) Release profile of pro- 
pranolol from the trQaminate adhesive device shown in a. Repro- 
duced from Ref. 6. 

In an attempt to determine if the steady-state, rate of 
drug permeation from the device is controlled by the skin or 
the device, several other trflaminate adhesive devices with 
different release rates were also evaluated. The same type of 
trilaminate adhesive devices were prepared, with the outer 
laminate (closest to the skin) containing 1-28% (w/w) loading 
doses of propranolol. All of the devices prepared were ca- 
pable of releasing propranolol in a similar controlled fashion 
but with different release rates. 

Comparison of the Skin Permeation of Propranolol from the 
Device Across the Rabbit, Hairless Rat, and Human 
Cadaver Skin 

Permeation studies across the skin of rabbit pinna, hair- 
less rat, and human cadaver were conducted to determine 
any species difference in the skin permeation profile of pro- 
pranolol delivered by the transdermal adhesive device. 
Again, devices were placed in intimate contact with the fresh 
fufl-thickness skin specimens of rabbit (pinna),. fresh hairless 
rat (abdo minal) , and frozen split-thickness skin of a human 
cadaver (anterior torso) and then mounted between the half- 
cells. During the course of the permeation study, aliquoU of 
1 ml were then removed from the receptor solution at pre- 
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determined time intervals over the 24-hr study period and 
assayed for propranolol. 

RESULTS AND DISCUSSION 

Determination of Stratum Coraeum Thickness of the 
Pinna Skin 

It was found that the thickness of stratum coraeum 
along the pinna skin varies from 18.1 \un near the top of the 
ear to 8.1 ujn at the base (Fig. 2). However, an area of 
approximately 9 cm 2 in the middle portion of the ear was 
found to have a consistent thickness of approximately 13 |un 
(boxed area in Fig. 2). Stan samples for all of the skin per- 
meation studies were therefore taken from this area. 

Microscopy Studies 

Results of the microscopic examination of the rabbit 
pinna skin shown in Fig. 3 indicate that the pinna skin is 
composed of three basic layers: the stratum comeum (13-14 
ujn thick), a viable epidermis (45-65 u.m thick), and a dermis 
layer (220-260 |«n thick). This structure is quite similar to 
that of human skin (10). 

Skin Permeation Kinetics of Propranolol from a Suspension 

The passive diffusion of compound through the skin can 
be described by Fick's first law of diffusion under sink con- 
ditions (11-13): 

0) 



Q - [(DJO/WV 

where Q is the cumulative amount of drug which has per- 
meated through the skin, D and K are the diffusivity and 
partition coefficient of the drug in the skin, respectively, h is 
the skin thickness, and C d is the concentration of drug in the 
donor compartment. 

The time lag before steady-state permeation has been 
reached can be approximated by (13,14) 

r, - h 2 /6D (2) 

The skin permeation profiles of propranolol through the rab- 
bit pinna skin from a suspension of propranolol free base in 




Fig. 2. Variation in stratum coraeum thickness along the rabbit 
pinna skin (AT « 6). 
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H '3 Light micrograph of the rabbit pinna skin. Crow-sectional 
view. 430x; reduced 45% for reproduction. 

silicone fluid are shown in Fig. 4. The results indicate that 
propranolol permeates through both whole and stripped skin 
in a zero-order fashion as expected from Eq. U), with 
steady-state permeation rates of 69.2 and 228.1 u.gfcm hr, 

respectively. . . . ' 

When these studies were repeated using isotonic phos- 
phate buffer (pH 7.4) as the receptor solution, no significant 
difference in the skin permeation profiles of propranolol was 
observed between the pH 5.6 and the pH 7.4 solutions. 
These results indicate that acetate buffer (pH 5.6) produces 
no damaging effect to the skin and the skin permeation char- 
acteristics. Therefore, the acetate buffer could be used as the 
receptor solution for the skin permeation studies. 

In Vitro Skin Permeation of Propranolol from the 
Adhesive Device 

The permeation of propranolol delivered by the ttflam- 
inate adhesive device across the intact rabbit pinna skin was 
observed to follow a zero-order process with a steady-state 
permeation rate of 62.1 u.g/cm* hr (Fig. 5), This permeation 
rate is somewhat lower than that of the permeation of pro- 
pranolol from the silicone fluid donor (69.2 ujfcm hr). 

To investigate the possible rate-limiting role of the stra- 



Fig. 5. Permeation profile of propranolol through the f^-tWckncss 
pinna skin of rabbits from the trOaininate adhesive device (N - 6). 

turn corneum in the skin permeation of propranolol from the 
device, permeation across stripped skin was also studied. As 
the stratum corneum was progressively removed by consec- 
utive stripping, the skin permeation profile of propranolol in 
the first 4-6 hr changed proportionally, however, there was 
no significant change in the steady-state permeation rate 
(Fig. 6). At greater than three stripping, a burst phase m the 
initial skin permeation profile was observed. This suggests 
that the stratum corneum plays a significant role in control- 
ling the initial non-steady-state permeation of the pro- 
pranolol from the device. After approximately 18 strippings, 
the skin permeation profiles became equivalent to that of the 
device release profile. This indicates that after a majority of 
the stratum corneum is removed, the skin permeation rate is 
controlled by the release kinetics of propranolol from the 
device. The effect of stepwise stripping on the thickness of 
the skin is shown in Fig. 7. These results confirmed that the 
stratum corneum was totally removed after 18-25 strippings. 

The development of the burst-phase permeation as a 
function of the number of strippings indicates that the stra- 
tum corneum is acting as a barrier to the non-steady-state 
skin permeation of propranolol from the device. This barrier 
function can be demonstrated by plotting the burst and lag 
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Fig. 4. Permeation profiles of propranolol through whole (O) and 
stripped (□) rabbit pinna skin, from a saturated solution of pro- 
pranolol (free base) in silicone fluid (N = 4). 
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Fig. 6. Permeation profiles of propranolol from the trilaminate ad- 
hesive device through pinna skin without stripping (■), and with 
stripping for 3x (+), 7x (♦), 13x (A), 20x (x), and 25 x (7), and 
the release of propranolol from the device (P) (N - 3). Standard 
deviations <10%. 
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Fta, 7. Thickness of the rabbit pinna skin after various stripping* 
C*-4). 

time for the permeation profile versus the square of its cor- 
responding stratum corneum thickness. The data in Fig. 8 
show that as the thickness of the stratum corneum de- 
creases, the duration of the lag time decreases and the burst 
time, increases. The duration of the burst effect is described 
by(U) 

/ b - -*W) (3) 

The linear relationship observed between the burst and lag 
time and the square of the stratum coraeum thickness dem- 
onstrates that the barrier function of the skin is directly pro- 
portional to the square of the stratum corneum thickness 
(A 2 i) (14,15), as expected from Eqs. (2) and (3). 

To investigate the role that the trflaminate adhesive de- 
vice plays in controlling the steady-state skin permeation of 
propranolol, three other devices were fabricated to release 
drag in a zero-order fashion, but at rates different from the 
original device investigated above. The release rate was var- 
ied by loading the outer laminate of the device (closest to the 
skin) with different drug loading doses. The relationship be- 
tween the steady-state skin permeation rates and the steady- 
state release rates obtained is shown in Fig. 9. A linear re- 
lationship exists between the release and the corresponding 
permeation rates, indicating that the device is controlling the 




Rg. 8. Plot of the duration of burst and lag times for the permeation 
profiles of propranolol from the trflaminate adhesive device versus 
the square of the stratum corneum thickness {N » 3). 
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Fig. 9. Relationship between the steady-state permeation across 
whole skin and the steady-state release rate of propranolol from 
trflaminate devices containing different drug loads in the outer lam- 
inate (closest to the skin) (N - 3). 

steady-state permeation through the full-thickness rabbit 
pinna skin. If the skin is the only controlling factor in the 
steady-state permeation rate, there would be no change in 
the permeation rate with an increase in the release rate. 
Therefore, the results suggest that the skin permeation of 
propranolol can be increased by increasing the drug release 
rate from the device, and the rate of skin permeation from 
the device obtained thus far has not yet reached the maxi- 
mum achievable skin permeability of propranolol in the rab- 
bit pinna. 

The results obtained thus far indicate that in the early, 
non-steady-state phase of permeation, the skin permeation 
of propranolol is controlled by the stratum coraeum, as re- 
flected by the thickness-dependent variation in the lag or 
burst time, while in the later (steady-state) stages of perme- 
ation, it is controlled by the release of propranolol from the 
device. The data in Fig. 6 also support this mechanism of 
transdermal drug delivery, where the steady-state perme- 
ation rate of propranolol does not change as the stratum 
corneum is progressively removed. 

Comparison of Transdermal Delivery of Propranolol in 
Various Species 

The permeation profiles of propranolol through rabbit, 
human, and hairless rat skin following delivery from the tri- 
laminate adhesive device, are compared in Fig. 10. The re- 
sults demonstrate that the rabbit pinna skin and the human 
cadaver skin have nearly identical propranolol permeation 
profiles, indicating that the rabbit pinna skin could be a good 
animal model for the in vitro permeation of propranolol from 
the device. On the other hand, permeation of propranolol 
across the hairless rat abdominal skin is significantly lower 
and also has a longer lag time than that found in the rabbit 
and human cadaver skin. The differences in the lag times for 
the different species could be related to the variation in stra- 
tum corneum thickness and drug diffusivity in the skin. 

In summary, the results of the in vitro skin permeation 
of propranolol from the trflaminate adhesive device indicate 
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to investigate the systemic bioavailability of propranolol in 
rabbits following topical application of the device. In addi- 
tion, the potential need for skin permeation enhancement 
and the possibility of skin irritation are being investigated. 
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Fig. 10. Comparison of the permeation profiles of propranolol, de- 
livered by the adhesive device, through skin from rabbit pinna (□), 
hairless rat abdominal (O), and human cadaver skin, anterior torso 
(A)(N«3). 

that the device is capable of delivering propranolol in a zero- 
ordei* fashion over a 24-hr period. The skin permeation of 
propranolol delivered by the device was found to be con- 
trolled by the stratum corneum in the initial stage of skin 
permeation and then by the device once steady-state perme- 
ation had been reached. In addition, this investigation has 
found that the rabbit pinna skin is a useful skin model for 
studying the in vitro skin permeation of propranolol. While 
subtle differences could have been masked by the use of the 
controlled-release adhesive device, the human cadaver and 
rabbit p inna skin showed no significant difference in steady- 
state permeation rate or lag time, whereas hairless rat skin 
showed a significantly lower permeation rate with a longer 
lag time. 

The primary concerns in the development of a viable 
transdermal delivery system are in vivo bioavailability and 
efficacy. Studies are currently under way in our laboratory 
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Methods for in Vitro Percutaneous Absorption Studies. IL Animal Modeb for Human Skin. 
Bronaugh, R. 1~ Stewart, R. P., and Congdon. E. R. ( 1982). Toxicol. Appt. Pharmacol. 
62, 48 1-488. The percutaneous absorption of compounds through the skin or selected animal 
soecies was compared to that occurring with human akin, using In vitro diffusion cell tech- 
niques The permeability of back skin of the following animals was examined: Hormel mm- ' 
iatureViw. oTbortve-Mendcl rats, NIH hairless mice, and Swiss mice. Benzoic acid, acetyl- 
salicylic Vcid, and urea, dissolved in a petrolatum vehicle, were appUed and permeabduy 
Snstants were determined With the faster penetrating compounds, benzoic acid and ncetyl- 
# arouse skin and hairless mouse skin were similar and were the most permeable. 
uScrence was observed in acetylsalicylic acid absorption of human, pig. and rat skm. 
pirik^ndhaWess mouse skin were the best animal models for the slower penetratmg urea. 
' !l 8 oft^ stratum corneum. epidermis, and whole skin were determined from 

^IT^IZ^™ fn^skS. In addition, the density of hair fomc.es in each 
^ofddn^ fcLmined. In general terms, thickness of the stratum corneum was found 

j S Se3u«Often however, differences in permeability and stratum corneum thickness did 

°\ the "^"Ti basis, which can be indicative of differences in structure of the different 
^ ^ The ^mcS oTchScn is dependent on the compound. For benzoic add 
' ^a«tScyuc aStbe pig and rat are good models for human skin. In the case of slow 
abtS^uXsuch'af urea, diffusion through appendage, in the skin may make 
undesirable the use of skin of densely haired animals. 



Although animal skin is unlikely to have 
permeability properties identical to that of 
human skin, animals are used for dermal 
toxicity evaluation, since many studies can- 
not be done on human skin. Percutaneous 
absorption of toxic compounds can be mea- 
sured satisfactorily with excised skin in dif- 
fusion cells (Bronaugh et al., 1981), but ad- 
equate supplies of human skin for extensive 
studies are often unavailable. 

In previous studies of the permeability of 
animal skin, the pig or miniature pig has 
often proved to be a good animal model. This 
conclusion can be made from results of per- 



meability tests of tributyl phosphate (Ains- 
worth, 1960), chemical warfare agents 
(Marzulli et al, 1969), hexachlorophene 
(Marzulli and Maibach, 1975; Chow et al., 
1978), and water (Galey et al* 1976), as 
well as additional compounds (Tregear, 1966; 
Bartek et al., 1972). 

Laboratory rodents are more convenient 
than the pig for dermal toxicity studies be- 
cause of easy handling and lower cost. Re- 
cently the hairless mouse has had increasing 
use because of the reported similarity of its 
skin to human skin in the absorption of anti- 
inflammatory steroids (Stoughton, 1975) 
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and Cj-Cg alcohols (Durrhcim et al. 9 1980). 
The skin of the rat has been considered to 
be more permeable than human or pig skin 
(Tregear, 1966; Marzulli and Maibach, 
1975; Bartek et al, 1972). However, in stud- 
ies of caffeine, iV-acctylcysteine, and butter 
yellow (Bartek et al, 1972), rat skin seemed 
to be at least as good a model for human 
skin as pig skin. 

The purpose of the following experiments 
was to compare the skin permeability of two 
potential useful laboratory rodents (rat and 
hairless mouse) to that of the miniature pig 
and man. To evaluate the hairless mouse 
more thoroughly, a species of haired mice 
(Swiss mouse) was included in the study. 
Absorption measurements were performed 
in vitro with diffusion cell techniques pre- 
viously found to be comparable to in vivo 
procedures for the compounds tested and 
actually more sensitive to permeability dif- 
ferences (Bronaugh et al. $ 1982). Com- 
pounds were applied in solution in a pet- 
rolatum vehicle so that a permeability 
constant could be calculated. 

To characterize more completely the per- 
meability relationships, the thicknesses of 
the stratum corneum, epidermis, aiid whole 
skin were measured. The measurements 
were taken from frozen sections of skin to 
overcome the well-known destructive effect 
on the stratum corneum of standard embed- 
ding and fixative procedures. In addition, 
hair follicle density was also determined 
microscopically from frozen sections. 

METHQDS 

Percutaneous absorption of [ H C]benzoic acid, 
[ ,4 C]acetylsalicylic acid (ASA), and [ ,4 C]urca was de- 
termined in diffusion cells as previously described 
(Bronaugh et al t 1982). Each compound, dissolved in 
30 mg of petrolatum, was applied to the stratum cor- 
neum surface of the skin and spread into a smooth layer, 
completely covering the 1.13 cm 1 of exposed skin. Small 
. samples (10 pi) were withdrawn periodically from the 
normal saline receptor solution to determine the steady- 
state rate of absorption. Experiments were continued 



until enough points were obtained to determine accu- • 
rately the steady-state absorption rate. This time varied 
with the rate of absorption of compounds through the 
different types of skin; Le M 6 to 24. 24 to 48, and 72 to 
96 hr were required for benzoic acid, ASA, and urea, 
respectively. The permeability constant (*p) was deter> * 
mined by dividing the steady-state absorption rate by 
the concentration of compound applied to the skin in 
petrolatum. — 

Rodent skin was obtained from the backs of female 
Osborne-Mendel rats (Camrn Research Animals, 
Wayne, N J.), Swiss mice (Charles River Breeding Lab- 
oratories, Wilmington, Mass.), and C3F4hairless mice 
(NIH, Bcthesda Md.) from 10 to 20 weeks of age. It 
was always freshly obtained and used full thickness with 
the subcutaneous fat carefully removed. Skin of rats and 
mice was shaved lightly with an electric clipper, taking 
care to prevent damage to the surface of the skin. 

Skin from miniature jugs of the Hormel strain (FDA 
Breeding Colony, Bcltsville, Md) . (either sex, 3 to 6 
months old) was used and is referred to as pig skin 
throughout this report. It was cither used immediately 
upon death of the animal or was stored frozen for up 
to 1 month before use. Because of the thickness of the 
dermis, full-thickness skin was not used. Separation of 
the epidermis by heat or ammonia vapor was not feasible 
because of the coarse hair. A thin barrier membrane 
could best be obtained by slicing a section from the 
surface of the skin with a Padgett Electro Dermatome 
(Padgett Dermatome, Kansas City, Mo.) at a setting 
of 600 jim. This layer contained all of the epidermis and 
the upper portion of the dermis, and is similar in thick- 
ness to the distance actually traversed in vivo by an 
absorbed compound that is taken up into the blood in 
the highly vascular upper region of the dermis.- 

Human abdominal sldn (either sex) was obtained at 
autopsy within 24 hr of death. The epidermal layer was 
prepared for diffusion cell studies by heat separation at 
60°C for 1 min. Because of possible variabilities in the 
handling and condition of autopsy skin, the integrity of 
the barrier of each sample was verified by measuring 
the permeability of tritiated water. Samples could usu- 
ally be stored at 4*C for 3 to 4 weeks without a sig- 
nificant increase in water permeability. 

The thicknesses of the stratum corneum, epidermis, 
and whole skin of the various skin types and the density 
of the hair follicles were determined miCTOSCOpically 
from frozen sections prepared by the following modi- 
fication of the method of Bernstein et al. (1979). Small 
blocks of unfixed full-thickness skin were mounted in 
an embedding medium for frozen tissue (Tissue-Tek II 
O.C.T. Compound, Lab-Tck Products, Naperville, I1L) 
and cross-sectioned at a thickness of 6 §an with an IEC 
model CTD microtome cryostat (International Equip- 
ment Co., Needhara Heights, Mass.). The sections were 
transferred to glass slides and stained for 3 to 10 min. 
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depending on the speeks of skin, with a f e w ^ of 
Mayer's hematoxylin stain. The * 
color was obtained after approximately 3 f^f"*** 
with mouse and hairless mouse sbn, 6 mm wUh human 
«d rat skin. ^ 8 mm with pi, The ^paru 

a red color to the viable cells of the epidermis, allowing 
easy differentiation of this region from the 
neum. The thickness of the skin was nica^redjnthao 
eye-piece micrometer in a Zeus photoaucroscope^ The 
Sdeines, of a layer in a section was calculated as the 
average of six measurements. 

Horizontal section, of skin were 
fohion for determination of the harr f olhcle 
action, utilized were at the level of the upper derma. 
STfollicles were made more clearly visible by stammg 
the cells, as above, with Mayer's hematoxyun. 

RESULTS 

The permeability of excised skin from the 
different animal species was compared to 
human skin, with three compounds dissolved 
in a petrolatum vehicle. These compounds 
had previously been found to differ consid- 
erably in their solubility properties and m 



their permeability to rat skin (Bronaugh et 
al, 1982). The permeability constants cal- 
culated from the steady-state rate measure- 
ments, with a 10-fold larger scale being 
used for the benzoic acid data, are shown in 
Fig. 1 . Similar results were obtained for hu- 
man, pig, and rat skin in the measurements 
of ASA penneatioa With benzoic acid, a 
greater difference was observed; permeabU- 
ity increased in the order of pig < rat 
< human. For both of these compounds, the 
skin of the mouse and hairless mouse was 
more permeable than that of the other spe- 
cies. With the more slowly penetrating urea, 
pig, human, and hairless mouse skin gave 
similar slow results, while rat and mouse skin 
were the most permeable. 

Several structural features of the different 
types of skin were measured from frozen sec- 
tions of skin. A photomicrograph of a cross 
section of rat skin is shown in Fig. 2 to il- 
lustrate a typical preparation of skin from 
which measurements of thickness were made; 
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Fio. 2. Microtome section of frozen rat skin. S.C. - stratum corneum. Viable epidermis (layer below 
S.C) is stained with Mayer's hematoxylin to facilitate thickness measurements. 



note the darkened viable epidermis layer 
(stained with hematoxylin) immediately be- 
low the stratum corneum. Table 1 gives the- 
values for the thickness of the stratum cor- 
neum, whole epidermis, and whole skin. Of 
most interest, from a permeability stand- 
point, is the stratum corneum measure- 
ments. The thickest stratum corneum (and 
also whole skin) was that of the pig. The 
thickness of rat (18.4 /an) and human (16.8 
/im) stratum corneum was similar and less 
than that of pig skin. Rat epidermis and 
whole skin were only two-thirds as thick as 
human skin; the relatively thick stratum cor- 
neum was due to the composition of the epi- 
dermis, which was over 50% stratum cor- 
neum by thickness. The stratum corneum of 
the Swiss mouse, which was the most per- 
meable barrier, was also the thinnest (5.8 
/im). The thickness of the stratum corneum 
of the hairless mouse was intermediate be- 
tween that of human and Swiss mouse skin. 



From horizontal sections of humari skin, 
the density and diameter of hair follicles 
were determined (Table 2). Pig and human 
skin had the least number of follicles, 
1 1 /cm 2 . The diameter of the hair follicle of 
the pig was almost twice as large and is in- 
dicative of the much coarser hair found on 
the pig. The number of hair follicles in skin 
of hairless mice resembled the number on 
human skin more closely than those found 
on the skin of the hair-covered rodents. 



DISCUSSION 

The permeability of the skin of some po- 
tentially useful animal models has been ex- 
amined under similar conditions. In Table 
3, our data are reported together with the 
data of other studies selected to illustrate the 
comparative permeability of human and an- 
imal skin. The permeability is expressed rel- 
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TABLE 1 




Human (16) 
Pig (35) 
Rat (9) 

Hairless mouse (12) 
Mouse (9) 



16.8 ± 0.7 
26.4 ± 0.4 
18.4 ± 0.S 
8.9 ± 0.4 
3.8 ± 0.3 



46.9 ± 2.3 
65.8 ± 1.8 
32.1 x 1.3 
28.6 ± 0.9 
12.6 ±0.8 



197 ± 0.28 
3.43 ± 0.05 
2.09 ± 0.07 
0.70 ± 0.02 
0.84 ± 0.02 



• Values are'«±SE of the thickness of the number of sections in parentheses. Three to six sections were taken 
^"sS^ob^from humans and pig. of either sex and from female rats, hairless mice, and mice.. 



ative to the absorption found with human, 
skin in each study. 

All the studies show that values, for even 
the most permeable skin, such as rabbit or 
mouse, are often well within an orderof 
magnitude of values for human skin. The 
fact that butter yellow permeates pig skin 
only 1 .9 times faster than it does human skin 
is not as significant when it is considered that 
rat and rabbit skins are only 2.2 and 4.6 
times more permeable, respectively. In ad- 
dition, the permeability of benzoic acid in 
hairless mouse skin in our study was only 
twice that of human skin, and this result was 
also obtained with the skin of the Swiss 
mouse. It thus appears that, depending on 
the compound of interest and the vehicle 
used, values that are not too dissimilar from 
those with human skin might be obtained 
with the skin of a number of animal species. 

TABLE 2 
Density anp Size of Hair Follicles' 

Aw* of Number* Diamettr of 
Spede4 ridn folHcto/cm 1 fcfflctaQun) 



Hunan Abdomen 

Pig J** 0 * 

put . Back 

Mouse Beck 

HaMew mouse Beck 



U± 1 
lit 1 
289 ± 21 
658 ± 38 
7$± 6 



97±3 
177*4 
23±1 
26±1 
46± 1 



•Valoes are g ±. SE of readings taken from three to «x 



It has been previously recognized that the 
stratum corneum thickness of different areas 
of skin should be known for proper inter- 
pretation of comparative permeability data 
(Baker and Kligman, 1967; Holbrook and 
Odland, .1974). This information is partic- 
ularly helpful in a given species; however, 
in comparing different types of animal and 
human skin, differences might be expected ■ 
in the structure of the stratum corneum that 
would hot be reflected in thickness mea- 
surements. When this situation occurs, 
knowing the thickness of the stratum cor- 
neum serves to indicate the possible exis- 
tence of these structural differences. 

Because the stratum corneum is disrupted 
by standard histological techniques, special 
handling is necessary to ensure that the lay- 
ers of stratum corneum are not lost during 
preparation for measurement (Blair, 1968). 
The value of 16.8 /on found for human stra- 
tum corneum (Table 1) is in agreement with 
the value of 15.8 pm reported by Blair 
(1968), which also was obtained from mea- 
surements of sections from frozen skin. 
Other measurements by different methods 
and on dehydrated stratum corneum are 
somewhat lower, as expected [13 im, Scheu- 
plein (1966); 8.2 ,on, Holbrook and Odland 
(1974)]. The thickness of the layers of tie 
various animal skins was measured for com- 
parison with human skin, using the frozen 
Section technique. Values have not previ- 



